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Electrical discharge machining (EDM) has been known for many years to induce degradation of fatigue
strength. Outdated or coarse EDM processing methods can reduce the fatigue strength of titanium alloy
Ti–6Al–4V by as much as factors of 2–5, but a paucity of fatigue data exists for this important aerospace
alloy processed with modern EDM techniques. An experimental study is presented in which the degra-
dation of fatigue strength of Ti–6Al–4V due to improved EDM processing is measured in axial tension
at a load ratio of R = 0.1. It is shown that, relative to specimens ﬁnely milled, state-of-the-art EDM pro-
cessing causes a reduction of fatigue strength by 15–30%. This strength degradation is found to correlate
directly to the thickness and roughness of recast layers created by the solidiﬁcation of melt material
formed during EDM. Post-processing with either electrochemical polishing or bead blasting is demon-
strated to remove the deleterious effects of EDM, such that specimens possessed intrinsic fatigue behav-
ior as indicated by crack initiation at interior locations.
 2014 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
1.1. Background
Of all the titanium alloys that have been developed, the dual-
phase (a + b) alloy Ti–6Al–4V is the most commonly utilized,
accounting for more than 50% of the titanium components pres-
ently in use [1]. Applications of Ti–6Al–4V can be found through-
out the aerospace industry, ranging from large (>1 m) ﬁrst-stage
compressor fans in gas turbines to small (1 cm) ﬂexures used to
support sensitive instruments on space payloads. To enable efﬁ-
cient design of these components subject to large cyclic stresses,
engineers need fatigue data generated with test specimens fabri-
cated using relevant methods. An increasingly important method
is electrical discharge machining (EDM), which enables precise, ra-
pid and repeatable machining of metals.
The effect upon high-cycle fatigue behavior of various machin-
ing techniques used on annealed titanium alloy Ti–6Al–4V is pre-
sented in a bar chart published in Titanium, a Technical Guide [2];
that chart shows the fatigue limit ranging from 441 to 503 MPa
for components fabricated with conventional milling and turning
techniques. Machining with EDM is represented as reducing the fa-
tigue limit to only 166 MPa. These data were published previouslyin a journal article [3] that provided no information regarding the
testing procedures used or surface condition of the specimens
tested.
During the three decades that have passed since the generation
of the data cited above, many improvements have been imple-
mented in EDM equipment technology and processing parameters.
Modern EDM operations are capable of producing ﬁnished cuts
with much smoother surfaces and thinner ‘‘recast layers’’ than
were possible with older techniques. Because EDM surface layers
typically experience residual tensile stress and are often populated
with many microcracks, reduction of these compromising factors is
anticipated to result in improved fatigue strength/life relative to
that achieved with former EDM methods. Despite the advances
in EDM technologies that are allowing engineers to fabricate more
intricate components (which are often subjected to increasingly
higher cyclic stresses), very little quantitative data appear to exist
in the published literature regarding the degradation of fatigue
behavior caused by contemporary EDM processing of titanium
alloys.1.2. Brief review of related investigations
The fatigue data used most widely for the purpose of designing
aerospace components fabricated from titanium alloys have been
compiled as stress–lifetime (S–N) plots in the Military Handbook
5, ﬁrst published in 1959 and most recently revised in 2003. (This
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ties Development & Standardization, MMPDS.) Seven such plots
are included for Ti–6Al–4V, providing data from axial fatigue tests
using specimens machined conventionally (meaning with rotating
milling tools, grinding and/or mechanical polishing) and subjected
to various, listed testing parameters [4]. A common trait among all
these data is the extreme range of scatter: for nearly every set of
specimens and test conditions, the measured lifetimes at a given
level of stress ranged by at least two and sometimes three orders
of magnitude. Alternatively, quite similar lifetimes are demon-
strated by cyclic stresses differing by 20–30%.
Very recent research with conventionally-machined a + b
Ti–6Al–4V has focused upon experimental investigation of the
intrinsic cause of variability in measured fatigue strengths. Tensile
fatigue tests were conducted with specimens that were machined
in a lathe, ground with ‘‘low stress’’ and mechanically polished; a
subgroup of specimens were also electropolished. The results dem-
onstrated lifetimes varying by more than an order of magnitude, at
a given level of stress, and suggested that a ‘‘short-life’’ mode of
fatigue crack initiation evolving at near-surface alpha grains was
suppressed by the grinding process [5]. In further development
of this work, it was shown that grain-facet formation and orienta-
tion inﬂuenced strongly whether fatigue cracks in this dual-phase
alloy proceeded along a short or long-life trajectory [6]. These stud-
ies suggest that a signiﬁcant, and possibly major, portion of the
scatter observed in Ti–6Al–4V fatigue data can be due solely to
aspects of metallurgy. Although fatigue-life variability is not the
focus of the research presented herein, it is important to bear in
mind since it has the potential to cause misinterpretation of fatigue
data generated with dual-phase Ti–6Al–4V alloys.
One of the earliest published, quantitative indications of the ef-
fect of EDM on fatigue strength of titanium appears in the (1974)
Military Handbook on Titanium and Titanium Alloys [7]. Fig. 12 of
the Handbook portrays the effect of machining technique on fully
reversed (rotating beam) fatigue life of Ti–5Al–2.5Sn. The plot indi-
cates the fatigue strength for 106 cycles is reduced from approxi-
mately 428 MPa for ‘‘as rolled’’, to about 212 MPa for EDM
processed specimens. Only trendlines are presented however, not
discrete data, and no details were provided concerning specimen
preparation and surface roughness or material condition.
Experimental investigations of the inﬂuence on fatigue strength
of EDM processing of tool steels were published in 2001. Rotating-
beam tests with D2 tool-steel specimens fabricated with EDM
demonstrated fatigue strengths reduced by nearly a factor of
two, relative to mechanically polished specimens [8]. This study
also showed that the reduction in fatigue life could be mitigated
by using lower currents in the EDM process. The same authors also
presented evidence indicating the fatigue strength degradation
caused by EDM processing could be mitigated by depositing TiN
coatings on the steel surfaces using physical vapor deposition [9].
Further studies with tool steel (SDK11) were conducted in 2009
with the intent to improve the fatigue life of EDM’d specimens by
suppressing the formation of surface cracks through optimization
of the electrical parameters employed [10]. Use of higher current
and shorter pulse times resulted in surfaces having no microcracks,
which displayed longer lifetimes in axial fatigue tests conducted in
tension (load ratio, R = 0.1).
Fatigue limits of Ti–6Al–4V specimens with ground surfaces
and with surfaces ‘‘eroded’’ by EDM were investigated in 2011
using small (10  55 mm) specimens in bending [11]. Although
low surface roughness values (Ra  0.2 lm) were measured for
both types of surfaces, the reported fatigue limits for both classes
of specimen were only about 200 MPa. This value is much lower
– by a factor of two to three – than fatigue limits measured with
conventionally machined specimens as presented in the Military
Handbook, cited earlier, and in our own studies presented herein.The inﬂuence of EDM processing on the fatigue strength of Ti–
6Al–4V has most recently been examined as part of research striv-
ing to enhance adhesion to the surface of medical implants. Using
very aggressive EDM process parameters, hour-glass shaped sam-
ples were fabricated from bi-modal, annealed a + b Ti–6Al–4V,
resulting in reported roughness values of Ra = 11.6 lm and
Rmax = 78 lm [12]. Rotating-beam tests demonstrated severely re-
duced fatigue strength due to the EDM process: electropolished
specimens produced a fatigue limit of approximately 550 MPa,
while that of the EDM’d specimens was less than 100 MPa. This
degradation was attributed both to a high population of micro-
cracks and the presence of tensile residual stress in the surface of
the specimens produced with EDM. In a parallel study, the authors
explored the effect of microstructure (equiaxed, bimodal and
coarse lamellar) on the fatigue strength of EDM processed speci-
mens [13]. These specimens were reported to have the same
roughness as in the prior work, while the electropolished speci-
mens were reported to have ‘‘zero roughness.’’ Fatigue tests con-
ducted with electropolished specimens demonstrated equal lives
for the equiaxed and bimodal microstructures, and poorer fatigue
performance for coarse lamellar material. The fatigue strength of
EDM specimens appeared relatively independent of microstruc-
ture, and was found to be about a factor of two lower than that
of electropolished specimens. The endurance limit of bi-modal,
EDM-processed specimens was demonstrated to be only about
100 MPa; stress relieving at 500 C raised this value to approxi-
mately 200 MPa.
Fabrication of metallic components using EDM generally cre-
ates residual tensile stresses within the surface layer, because dur-
ing cooling it shrinks while restrained by the adjacent cooler
interior material. This effect is exacerbated by the low thermal
conductivity of titanium. Residual stresses in Ti–6Al–4V plate ma-
chined with micro-EDM were measured recently using a nanoin-
dentation technique, revealing tensile stresses of up to 350 MPa
at depths up to 12 lm [14]. In another study, measurements of
residual stress were conducted using a hole-drilling/strain-gage
technique, resulting in measured tensile stresses of up to
250 MPa at depths up to approximately 40 lm in titanium-alloy
bars having surfaces machined with EDM [15]. Because these levels
of measured residual stress are a signiﬁcant fraction of the fatigue
limit, they are likely to contribute directly to a reduction in fatigue
strength.
Magnitudes of stress introduced into components processed
with EDM can be modulated, to some extent, by machining tech-
nique. In a recently published study, residual stresses in EDM-cut
tool steel were measured as a function of depth of machining
cut. Data reported show that successively ﬁner EDM cuts resulted
in reduction of the peak residual stress, from over 500 MPa after
the ﬁrst cut, to about 300 MPa after the fourth ﬁnishing cut with
EDM [16]. The data also show a reduction in penetration of the
residual stress ﬁeld with each ﬁner ﬁnishing cut. By utilizing
‘‘low discharge energy and reversed polarity’’, average surface
roughness values of Ra  0.2 lm were achieved with EDM cuts in
tool steel.
Inﬂuential parameters available to the EDM operator include
the choice of electrode material, electrical discharge time and cur-
rent. Research published in 2007 explored the effect of these
parameters on the surface roughness and recast-layer thickness
in specimens of Ti–6Al–4V cut with wire EDM [17]. It was shown
that the average recast-layer thickness could be reduced from
nearly 100 lm to about 5 lm by reducing both the pulse duration
and current and by using aluminum wire versus graphite or cop-
per. This improvement was accompanied by a corresponding
reduction in reported surface roughness, from almost 10 lm to less
than 1 lm. Also demonstrated was a reduction of the density of
surface microcracks formed, with increasing pulse current and
Table 1
Chemical composition (weight%) of titanium alloy used for fatigue specimens.
Fe Al V C O N Y H Ti
0.18 4.0 6.38 0.018 0.18 0.007 <0.0005 25  106 Balance
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EDM process parameters to reduce surface roughness, achieving
Ra  6 lm on Ti–6Al–4V [18]. Much smoother surfaces (Ra  2 lm)
were produced on steel specimens in this study, using similarly
optimized parameters; this effect was attributed to the higher
thermal conductivity of steel. Substantial improvement in the
quality of EDM surfaces has been achieved through the use of
‘‘minimum damage generator technology’’ [19]. With this ap-
proach, which varied not only the electrical current but also the
pulse waveform and frequency, surfaces with Ra < 0.5 lm were
achieved with both Inconel 718 and Ti–6Al–4V specimens. Strik-
ingly, these surfaces appeared to have recast layers of negligible
thickness. We note here that no reports of the inﬂuence of EDM
parameters on the fatigue life of titanium alloys have been discov-
ered through our efforts.
It is well-known that surface ﬁnish can inﬂuence the fatigue life
of materials quite strongly. During high-cycle fatigue of many met-
als, the majority of cyclic lifetime (up to 90%) is consumed during
the creation of an initial ﬂaw, or sub-critical crack [20,21]. The
presence of microcracks in brittle, thermally-processed surface
layers – typical of EDM processing – creates conditions ripe for
pre-existing ﬂaws to exist. In such cases, it is to be expected that
the lifetime of parts placed into cyclic stress conditions would be
abbreviated, relative to nominally similar components absent such
defects.
Techniques developed to enhance the fatigue behavior of steel
and aluminum have also been applied to titanium. Two principal
categories of methods have been explored: those intended to
reduce surface defects such as pitting, intergranular voids and
microcracks, and those intended to impose a beneﬁcial residual
compressive stress near the material surface. Techniques
employed to decrease roughness, ormitigate other detrimental sur-
face defects, includemechanical polishing, electro-chemical polish-
ing [22], post-sintering heat treatments [23], coating with titanium
nitride by physical vapor deposition [8,24], and plasma coating
with hydroxyapatite [25,26]. Treatments to create compressive
residual stresses within material surfaces include bead-blasting
[27,28] (classically referred to as shot peening), deep rolling [29],
grit-blasting [30], laser shock peening [31,32], ultrasonic peening
[33], and low-plasticity burnishing [34]. Reports of research inves-
tigating the effect of these treatments upon the fatigue life of tita-
nium alloys present results that are somewhat mixed, but the
general trend exists for enhancement of fatigue lifetimewith reduc-
tion in surface roughness and imposition of compressive residual
surface stress. Virtually all of these research efforts incorporated
conventional machining techniques, rather than EDM.
1.3. Scope of the present work
This study was performed to remedy the outstanding lack of
measured fatigue strength for the most ubiquitous titanium alloy
(Ti–6Al–4V) with surface conditions produced by state-of-the-art
EDM processes. Tensile fatigue tests were conducted using speci-
mens fabricated from a single lot of annealed sheet material, typi-
cal for many aerospace components. Reference fatigue behavior
was obtained from specimens produced with conventional
machining. The effect of different EDM processes was explored
by fabricating groups of specimens at three different shops. Using
specimens fabricated with the EDM process that produced the
greatest surface roughness, the beneﬁt of four post-processing
techniques (electrochemical polishing, chemical milling, bead
blasting and thermal stress relieving) was explored.
Extensive surface characterization was performed to establish
correlation between surface topography resulting from the differ-
ent fabrication processes and the resultant fatigue behavior. Opti-
cal microscopy, laser proﬁlometry, and scanning electronmicroscopy (SEM) were used to measure surface roughness, re-
cast-layer thickness, microcrack density and intrinsic defect size.
The effect of post-processing technique on these parameters was
measured and is discussed in relation to corresponding improve-
ments of fatigue strength.
Measured fatigue-strength data are presented in traditional S–N
plots. The largest family of specimens was machined convention-
ally to provide a reference or ‘‘baseline’’. Fatigue data from these
specimens are compared to the most appropriate, widely-used
data from the MMPDS. Data from the three EDM process are then
compared to this baseline. Fatigue strengths from the various post-
processed specimens are compared to their unaltered EDM coun-
terparts. Special attention is paid to the fatigue-crack initiation
sites, to establish whether the fatigue data from each specimen is
indicative of inﬂuences from the production processes, or repre-
sents intrinsic behavior of the material.2. Experimental details
2.1. Material description
The material used for this study was Timetal6–4, purchased in
sheet form in the annealed condition (760 C, 30 min). Reported
chemical composition for this material is listed in Table 1. One sin-
gle lot (‘‘heat’’) of material was used to produce all specimens, to
eliminate possible inﬂuences from different batches. The mill cer-
tiﬁcate reports the 0.2%-offset yield strength as 951 MPa for spec-
imens in the longitudinal orientation, while tests conducted in our
own laboratory demonstrated average yield strength of 973 MPa
when tested in uniaxial tension at a strain rate of 0.0001/s. The
microstructure of this dual-phase material is bi-modal, as shown
in micrographs reproduced in Fig. 1, with isolated lamellar a + b
colonies interspersed between nearly equiaxed, connected a grains
having sizes ranging from approximately 5 to 15 lm.
2.2. Specimen preparation
All fatigue specimens used in this study were conventional ten-
sile ‘‘dog-bones’’, contoured to dimensions consistent with ASTM
Standard E466-07 as shown in the drawing in Fig. 2. In the ﬁrst
step, 300-mm square plates of the raw sheet were Blanchard-
ground to achieve uniform thickness and ﬂatness. The perimeter
of each specimen was then cut using a water-jet process, with
the long axis of specimens aligned with the longitudinal (rolling)
direction of the sheet. Excess material (1.5 mm) was retained
along the contoured edge so that the ﬁnished proﬁle (the ‘‘test sur-
face’’) could be machined using either edge-milling or EDM.
In the next step, the ﬂat faces of all specimens were precision
lapped to remove all visible traces of grinding. This process was
performed iteratively in conjunction with surface roughness mea-
surements using laser proﬁlometry, to ensure that the roughness of
the specimen faces would be lower than that of the machined test
surfaces (edges). This important step was taken to reduce the like-
lihood of fatigue cracks initiating from the ﬂat surfaces, which
would result in fatigue data not relevant to the focus of this
investigation.
The ﬁnished edge contours of one group of (20) specimens were
machined conventionally, using the sides of four-ﬂuted, carbide
Fig. 1. Microstructure of a + b Ti–6Al–4V used in this study as indicated by optical
micrographs (1000) of longitudinal (a) and transverse (b) etched surfaces.
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sequentially less material. The ﬁnal pass removed less than
50 lm, resulting in a ﬁnish with very ﬁne marks that could barely
be detected with the naked eye.
Specimen ‘‘blanks’’ were provided to three independent shops
to produce our fatigue specimens using EDM. Each shop was re-
quested to create the ‘‘best’’ surface possible using their own selec-
tion of optimized machine parameters. The EDMmachines utilized
were three to ﬁve years old, representing typical modern machines
employed by the industry. Speciﬁc parameters used by each ma-
chine will not be related here, since optimal settings are unique
and should be ﬁne-tuned for each machine, material type and
thickness. Moreover, it is not the purpose of this study to reveal
proprietary techniques, but rather to investigate the impact of
modern, ‘‘best practice’’ EDM processes on fatigue strength and
possible post-treatments that might improve fatigue behaviors.
Four groups of specimens produced with the EDM process that
demonstrated the greatest roughness were subjected to various
post-treatments, with the goal of revealing any restorative effectFig. 2. Geometry and dimensions (mthey might have upon fatigue behavior. Speciﬁcally, lots of several
EDM’d specimens were given the following treatments. Bead blast-
ing of one group of specimens was performed using 50-lm silica
beads issued from a 2.4-mm diameter nozzle at 400 kPa pressure,
hand-held about 3 cm away from the surface, moving across the
length of each contoured edge in about 15 s. Another group was
electrochemically polished using a proprietary solution based upon
nitric acid, with the instructions to remove a thickness of 10–
20 lm from all surfaces. A similar group was also electrochemi-
cally polished, but then given a thermal stress-relieving procedure
at 594 C for two hours. A ﬁnal set of specimens was chemically
milled after EDM machining, using a solution incorporating nitric
acid, with the similar goal to remove 10–20 lm from all surfaces.2.3. Specimen surface characterization
To enable correlation of the surface condition resulting from
each fabrication process with the resulting fatigue behavior, exten-
sive characterization of specimen surfaces was performed. Optical
microscopy of both conventionally milled and EDM surfaces are
shown in Fig. 3. Tool marks in the conventionally-machined sur-
face are quite apparent at high (1000) magniﬁcation. The EDM’d
surfaces from shops 1 and 2 appear to have similar topography, but
the pitting in the EDM surface from shop 3 appears to be deeper,
with more pronounced craters and globules.
Electron microscopy of the machined surfaces was more reveal-
ing. The conventionally-machined surfaces appeared quite planar,
as shown in the SEM image of Fig. 4a, with minute shards of mate-
rial clinging after having been sheared by the cutting process. All
three of the EDM processes generated common features remaining
on the surfaces: mounds and ﬁne globules of solidiﬁed melt mate-
rial, re-entrant cavities or holes, and microcracks of various sizes.
These cracks were distributed across all EDM surfaces randomly,
with densities typiﬁed by the micrographs shown in Fig. 4b–d;
examination of several specimens from each EDM shop did not re-
veal distinctions in the density of microcracks. The largest ex-
tremes in surface morphology seemed to be evident on the EDM
surfaces produced by shop #3.
Surfaces that had been post-processed after EDM were exam-
ined with SEM to explore the resulting surface conditions and
topography. Dramatic changes were generated through electro-
polishing, as revealed in the micrographs shown in Fig. 5a and b.
These images show a surface devoid of discrete globules, re-en-
trant crevices and microcracks. In fact, all visible evidence of
EDM inﬂuences were removed by electropolishing, which trans-
formed the surface into an array of equally dispersed ﬁne nodules,
about 150-nm in diameter. Energy-dispersive X-ray spectroscopy
(EDS) was performed on these nodules, indicating the presence
of elements identical to those in the base metal. Because the pen-
etration depth of the electron beam was greater than the nodule
size, and EDS can’t readily detect hydrogen, the possibility that
the nodules might be hydrides was considered.m) of tensile fatigue specimens.
Fig. 3. Optical microscopy (1000) of specimen test surfaces conventionally machined (a), and EDM processed by shops #1 (b), #2 (c) and #3 (d).
Fig. 4. Scanning electron microscopy (SEM) of specimen test surfaces conventionally machined (a), and EDM processed by shops #1 (b), #2 (c) and #3 (d).
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dimpled surfaces with hydrides grown in ﬂoral shapes [35–37],
while examples of etched Ti–6Al–4V demonstrate ordered nano-
dimples with ‘‘tunable’’ features resulting from selective removal
of alloying elements [38]. Similarly, it is possible that the chemical
process involved in our electropolishing removed one or more
alloying elements preferentially, creating the repeated nodular
structures present on the entire surface. Though this process could
be a topic for further research, it is outside the scope of the present
investigation.
The bead-blasted surfaces still retained the large globular
mounds, holes and crevices generated within the re-cast layer, as
shown in the micrographs reproduced in Fig. 5c and d. Although
these suggest that bead-blasting removed only minimal amounts
of recast layer, it is apparent that bead-blasting stripped away alllightly-attached features such as ﬁne droplets and tendrils. The
images in Fig. 5 also demonstrate that bead-blasting chipped frag-
ments from the surface and promoted further micro-cracking, sub-
dividing the surface into small platelets with sharp, angular
features.
Surface roughness of the fatigue specimens was measured using
a laser proﬁlometer (Cybertechnologies CT-300) with height reso-
lution of 10 nm. This instrument was chosen instead of a mechan-
ical proﬁlometer, because the physical tips of those instruments
are typically hemi-spheres with diameters ranging from 2 to
5 lm. Use of such a tool would permit measuring peak surface
heights, but would be inherently limited in ability to detect narrow
crevices, or valleys. Because ﬁne crack-like features that might be
created by EDM processing present ideal ﬂaws to enable initiation
of fatigue cracks, the ability to detect such features was an
Fig. 5. SEM images of titanium specimen surfaces EDM’d (by shop #3) and postprocessed with electropolishing (a, b) and bead blasting (c, d).
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sor used on our proﬁlometer has a laser-spot size of 0.9 lm, en-
abling lateral resolution of approximately 0.5 lm. Three-
dimensional images of typical surface proﬁlometry are shown in
Fig. 6. As the scale bars imply, the height extremes of the randomFig. 6. Three-dimensional representation of laser proﬁlometry of conventionally machin
in (lm).EDM features are about twice the magnitude of the periodic tool
marks created by the conventional machining process.
Surface roughness was measured on both ‘‘test surfaces’’ of
three fatigue specimens of each production technique. In addition
to the commonly reported average roughness (Ra), we includeded surface (a) and surface EDM’d by shop #3 (b); lateral dimensions in (mm), height
90 T.M. Mower / International Journal of Fatigue 64 (2014) 84–96measurement of peak-to-valley roughness (Rp–v) since that param-
eter is more indicative of ﬂaws capable of initiating fatigue cracks.
Compiled in Table 2 is a summary of these measurements.
Although the measured Ra of conventionally-milled surfaces was
in the same range as that of the surfaces EDM’d by shops 1 and
2, the peak-to-valley roughness of surfaces EDM’d by shop 1 was
substantially greater than that of the conventionally-milled sur-
faces. The surfaces EDM’d by shop 3 were signiﬁcantly rougher,
by both measures, than all other surfaces. The post-processing
techniques were effective in reducing the roughness of the surfaces
EDM’d (by shop #3). We note here that the measured Rp–v of spec-
imen faces was in the range of 10–20 lm, consistently lower than
that of the test edges.2.4. Fatigue testing procedures
Fatigue testing was conducted in tension mode, with load ratio
R = 0.1, in an Instron model 8501 servohydraulic machine using a
100-kN load cell. Great care was taken to align the load train of this
machine, since misalignment between the machine and specimen
axes generates bending stresseswhich can be of comparablemagni-
tude to the nominal axial stress. Indeed, suchmisalignment is recog-
nized as an important factor contributing to the wide scatter
witnessed in much fatigue data [39]. To facilitate precise alignment
of our machine, a ﬁxture enabling adjustment of two translational
and two angular degrees of freedom was installed between the
cross-head and the load cell. Using one of our fatigue specimens
instrumented with twelve strain gages, bending strains were moni-
tored with special-purpose software while the alignment ﬁxture
was adjusted. Using this procedure, the bending strains at all loca-
tions in the specimen gage length were reduced to less than 1% of
the axial strain. This alignment achieved is signiﬁcantly better than
the goal suggested by ASTM E1012, which recommends that the
bending strains be reduced to less than5%of the nominal axial strain
[40].
Fatigue specimens were subjected to cyclic loading using a
sinusoidal waveform at 10 Hz. The control parameters of the test
machine were tuned to ensure that variations in the peak applied
load remained less than 0.1% of the prescribed peak load, through-
out the loading history. All testing was conducted at room temper-
ature (between 20 and 25 C). Twenty conventionally-milled
specimens were tested, commencing with peak loading of 98% of
the material yield strength and progressing with each specimen
tested at a lower peak load. Cyclic loading was applied continu-
ously to each specimen until failure occurred or a history of 8 to
10 million cycles had been applied, at which point the testing
was halted. For the purposes of this study, those data points were
considered ‘‘run-outs’’ and provide an indication of the approxi-
mate endurance limit. Each group of EDM’d specimens was tested
in a similar manner, except the maximum peak load was limited to
about 75% of the yield strength. Those test groups consisted of: 8
specimens from both shop #1 and #2, and 32 specimens from shop
#3. This latter group was divided into 8 specimens left unaltered,
10 bead blasted, 10 electropolished and 4 chemically milled.Table 2
Roughness of fatigue specimen ‘‘test’’ edges, measured with laser proﬁlometer.
Machining method Treatment Rp–v (lm) Ra (lm)
Conventional milling None 15–30 1.1–1.6
Wire EDM; Shop 1 None 23–41 1.1–1.4
Wire EDM; Shop 2 None 22–33 1.1–1.3
Wire EDM; Shop 3 None 55–85 1.8–2.6
Wire EDM; Shop 3 Chemical Mill 32–63 1.3–1.6
Wire EDM; Shop 3 Electropolish 22–55 0.9–1.3
Wire EDM; Shop 3 Bead Blast 22–26 0.9–1.13. Results
3.1. Fracture morphology
The fracture surfaces generated by the failure of our fatigue
specimens were examined closely to determine the nature of the
initiation sites. In cases where the cracks initiated from the ma-
chined edge (test surface), the stress/lifetime data are directly rel-
evant to the goals of this study and contribute to the primary
results. In cases where fatigue cracks initiated at interior defects,
those data provide indications of the intrinsic fatigue behavior of
this material. In rare cases where fractures originated on the ﬂat
faces, at ﬂaws remaining after the lapping processes, those data
present only minimum lifetimes under the applied loading and
provide data of little relevance to the effects of machining pro-
cesses focused upon within this study.
Typical fracture surfaces generated following initiation at the
machined edges are shown in Fig. 7, where optical micrographs
of two failed specimens show similar growth of the fatigue cracks
along planes normal to the applied loading. The chevron shapes
were formed when the net section was no longer sufﬁcient to with-
stand the peak cyclic load, and ﬁnal failure occurred by a process of
ductile rupture forming the slopes with steep angles. Note that the
symmetry about the center line in the direction of crack growth
indicates the absence of out-of-plane bending.
The vast majority of fatigue specimens in this study formed
fracture surfaces with initiation and growth processes typiﬁed by
those shown in Fig. 7. The nature of fracture initiation sites was
usually identiﬁed readily through the use of optical or electronFig. 7. Optical microscopy (digital, 50) of fatigued specimens, showing two typical
examples of fatigue cracks originating from EDM surface (right edge) and
propagating stably in very symmetrical manner.
Fig. 9. Fatigue cracks originating at face (a) and within the interior (b).
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tiated invariably at voids present in the recast layer. Shown in
Fig. 8a is an example of a fracture origin at a void in recast material,
extending through to the base metal. Another initiation site is
shown in Fig. 8b, where a void within the recast layer is evident
in the fracture surface, but would not have been visible through
inspection of the surface prior to fracture, since a thin layer was
formed over the void during solidiﬁcation of the melt material. In
this case, the EDM process created further damage and possible
voiding at the interface with the parent material below the recast
layer. Such ﬂaws clearly present prime sites for initiation of frac-
tures through elevation of the stress concentration (or stress inten-
sity factor).
Fatigue specimens that did not develop well-behaved, edge-ini-
tiated fractures either failed through fracture processes originating
at the face (Fig. 9a) or within the interior (Fig. 9b). (Note that these
fracture surfaces display remarkable symmetry, again demonstrat-
ing the lack of bending stresses.) Though a few fractures (8, in to-
tal) did originate at specimen faces, only two appeared to be
caused by a scratch remaining from the Blanchard-grinding pro-
cess. Most of the fractures appearing to emanate from the highly
lapped, ﬂat surfaces actually originated at voids inherently located
just beneath the surface, as illustrated by the micrographs in
Fig. 10.
Other examples of intrinsic, interior defects in this alloy that
have the potential to give rise to fatigue fractures, if surface initia-
tion is suppressed, are shown in Fig. 11. Irregularly shaped inclu-
sions were noted on many fracture surfaces examined in the
electron microscope, with diameters ranging from 5 to 20 lm.
Interior voids were observed less frequently, and though very shar-
ply deﬁned, they were much smaller than the inclusions.3.2. Recast-layer thickness
Measurements of the recast-layer thicknesses produced by the
three EDM processes were obtained with scanning electronFig. 8. Examples of EDM-induced damage at fatigue-crack initiation sites. Voids
(indicated by arrows) were created through recast layer in (a), within the recast
layer and extending below to the interface in (b).microscopy (SEM) of the fracture surfaces where they intersected
the EDM’d edges. Thorough examinations of three specimens from
each EDM shop were conducted; representative examples of
images acquired from each are shown in Fig. 12.
Recast layers on specimens from shop #1 consistently produced
thickness measurements ranging from 2 to 3 lm. The micrographs
reproduced in Fig. 12a and b shows these layers to be comprised of
somewhat ex-foliated material, split apart into two or more sub-
layers. Moreover, wherever the recast layer was examined, local
regions appeared to be very poorly attached to the parent material
or to have partially separated during the fracture process.
Specimens produced by the EDM process at shop #2 demon-
strated the thinnest recast layers. While local instances of solidi-
ﬁed globules were found to be about 2-lm thick, as shown in
Fig. 12c, the thickness of the continuous layers appeared to be
slightly less than 1-lm thick. These recast layers were not frag-
mented nor split apart, and remained well-attached to the base
material.
Recast layers on the surfaces produced by shop #3 were consis-
tently at least 1-lmthick,withmany sections revealingmuch thick-
er (2–3 lm) mounds of solidiﬁed material, as shown in Fig. 12d.
Partial separation of these recast layers from the parent material
was evident at all locations, and they appeared to be formed of
two distinctly separate layers. Electropolishing removed these re-
cast layers entirely, and created what appears to be a chemically al-
tered surface layer (see Fig. 5a and b) with a uniform thickness of
about 200 nm, as shown in Fig. 13a. This surface layer is intimately
attached to the base material, but in some cases partially separated
during the fracture process. Bead blasting produced little change in
the average thickness of recast layers, but did reduce the height ex-
tremes by abrading the mounds and globules. The upper edge of a
typical bead-blasted recast layer is shown in Fig. 13b, where delam-
ination is apparent and fragments of broken material are seen to be
clinging or partially attached.
Fig. 10. SEM of fatigue crack apparently originating on specimen face, but actually initiating at subsurface void.
Fig. 11. Examples of intrinsic defects within the Ti–6Al–4V material studied:
inclusion (a) and void (b).
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Results from fatigue tests conducted with our conventionally-
machined specimens are plotted in Fig. 14, in the form of a tradi-
tional S–N, or Wöhler diagram. Included for comparison are data
published in MMPDS-01, obtained from similar specimens and
testing conditions: both groups used annealed, Ti–6Al–4V rolled
sheet material with yield strength of approximately 970 MPa,
and specimens subjected to axial fatigue with R = 0.1. The most
notable difference between the groups is that the MMPDS speci-
mens were of ‘‘long transverse’’ orientation, whereas our speci-
mens were longitudinal. We note that the effect of orientation on
fatigue behavior for this material (and test conditions) has been
shown to be small, and when normalized by yield strength is not
discernable or even separable from scatter in the data [41].
Although good agreement exists between the two groups of fa-
tigue data, the MMPDS data display slightly higher strengths for gi-
ven lifetimes than those produced by our specimens. This may be a
result of the MMPDS specimens being polished with emery paper
after machining, whereas specimens in this study were tested in
the as-machined condition. Nonetheless, our milled specimensproduced less scatter in fatigue behavior, as evidenced by compar-
ison of the curve-ﬁtting correlation coefﬁcients.
Measured fatigue behaviors of specimens produced by EDM
processing are plotted in Fig. 15, along with results obtained from
our conventionally-milled specimens. The fatigue strengths of
EDM’d specimens are clearly inferior to those of the milled speci-
mens, and exhibit an apparent trend of differences between the
three shops. Specimens processed by shop 1 consistently demon-
strated the lowest fatigue strength, while the highest fatigue
strengths were generated by specimens EDM’d at shop 2. The
intermediate behavior displayed by specimens EDM’d at shop 3
is represented well by the power-law curve ﬁt indicated in the ﬁg-
ure. Comparison of that ﬁt to the power-law ﬁt of the fatigue data
from our conventionally-milled specimens shows remarkably sim-
ilar curves, with nearly identical exponents and an offset in
strength. This offset can be interpreted as degradation in fatigue
strength that can be characterized in two ways: for a prescribed
lifetime of cyclic loading, the fatigue strength of EDM’d specimens
was 80% of that of conventionally-milled specimens; alternatively,
specimens subjected to a given cyclic peak stress displayed 1.5 or-
ders-of-magnitude shorter lifetimes, when EDM’d by shop 3, com-
pared to specimens milled conventionally.
The effect of post-treatments on the fatigue behaviors of speci-
mens produced by EDM at shop 3 is shown in Fig. 16. All treat-
ments reduced the degradation in fatigue strength induced by
EDM, but the greatest and most consistent improvement in
strength was produced by bead blasting. Electropolishing also im-
proved the fatigue strength of EDM’d specimens consistently, and
to nearly the same extent as bead blasting. When electropolished
specimens were exposed to a standard thermal stress-relieving
process, however, the resulting lifetimes at high peak stresses were
similar to the untreated EDM’d specimens. (The stress-relieved
specimens had oxidized surfaces, which may have provided
crack-initiating ﬂaws of similar severity to those in the un-modi-
ﬁed EDM’d surfaces.) The chemical milling treatment resulted in
fatigue-strength behavior similar to that produced by
electropolishing.
The locations of the fatigue-fracture initiation sites were deter-
mined for all of the specimens tested, and are indicated in Fig. 16 as
follows. All of the untreated specimens experienced fractures that
initiated at the EDM’d edges; those data points have no notations.
Fatigue fractures initiated in many of the post-processed speci-
mens at locations within the interior (denoted by ‘‘i’’) or just be-
neath the ﬂat faces (‘‘s’’). Data from specimens whose fractures
initiated at ﬂaws on the ﬂat faces are marked with an ‘‘f.’’
4. Discussion
4.1. Inﬂuence of EDM process on fatigue strength
Measured fatigue behaviors of all specimens produced by EDM
demonstrated diminished performance relative to specimens fabri-
cated with conventional milling techniques, as shown in Fig. 15.
Fig. 12. Measurements of recast-layer thickness on fracture-surface edges: EDM by shop #1 (a, b), shop #2 (c) and shop #3 (d).
Fig. 13. SEM images of fracture surface near EDM edge, showing surface layers after
postprocessing: electropolished (a) and bead-blasted (b).
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used to source specimens, the most severe reduction in fatigue
strength ranged from 20% to 30%, exhibited by specimens EDM’d
at shops 1 and 3; the EDM process employed by shop 2 caused less
pronounced degradation, evidenced by reduction of fatigue
strength by only 10–20% compared to that generated by conven-
tionally milled specimens. Although these reductions in fatigue
strength are signiﬁcantly less severe than strength losses produced
by older EDM methods (as related in Section 1.2), even a strength
loss of only 20% can erode precious safety margins, presenting de-
sign challenges for designers of cyclically-loaded critical
components.Consideration of the fatigue strengths displayed by the three
sets of EDM’d specimens raises the question of why one fabrication
process produced fatigue behavior superior to the other two. Our
microscopy indicated that recast layers on the surfaces produced
by all three EDM techniques were populated with similar densities
of microcracks, globules and other asperities. Thicker recast layers
would, however, enable these crack-like features to be greater in
depth and thereby elevate the associated stress intensity factors,
thus facilitating initiation of fatigue cracks more readily in thicker
layers. Indeed, the EDM process that demonstrated the highest
degradation in fatigue strength was executed by shop 1, and those
specimens possessed the thickest recast layers, measured consis-
tently from 2 to 3 lm. The EDM process that demonstrated the
least detrimental effect upon fatigue behavior was performed by
shop 2, whose specimens displayed the thinnest recast layers;
our SEM observations of those layers revealed an average thickness
slightly less than 1 lm but with occasional bumps as shown in
Fig. 12c. Although the recast layers on specimens from shop 3 mea-
sured, on average, only slightly thicker than the recast layers on
specimens from shop 2, the measured fatigue strengths were sig-
niﬁcantly lower. The most striking physical evidence that this dif-
ference can be attributed to is the greater surface roughness
measured on specimens from shop 3, as indicated in Table 2. While
the average roughness of specimens produced with EDM by shop 3
ranged from 63% to 100% greater than that of specimens from shop
2, the peak-to-valley roughness measured on specimens from shop
3 was consistently greater by 150%. This observation is consistent
with our earlier postulation that fatigue-strength differences are
more likely to correlate with Rp–v than with Ra.
Although the measurements reported here demonstrate that
degradation of fatigue strength of Ti–6Al–4V induced by EDM pro-
cessing can be signiﬁcantly lower using modern machines with
careful processing than with either older machines (e.g. [2]) or
coarser methods (e.g. [12]), it is clear that rewards can be attained
by optimizing the operating parameters of each EDM machine for
speciﬁc materials. All three shops that provided specimens for this
study attempted to generate surfaces that would render the best
fatigue behavior, but obvious differences resulted. By incorporating
results from studies published previously (e.g. [8,10,17–19]) and
performing their own trials with EDM electrical parameters, it
may be possible to improve the fatigue performance of EDM’d
components. In addition, it is also possible to reduce the damaging
Fig. 14. Measured room-temperature stress–life (S–N) of annealed Ti–6Al–4V sheet, subjected to cyclic tensile fatigue with R = 0.1 at a frequency of 10 Hz.
Fig. 15. S–N behavior of annealed Ti–6Al–4V sheet specimens processed with EDM by three different shops versus conventional milling. (Tensile fatigue with R = 0.1 at a
frequency of 10 Hz.)
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modifying technique.
4.2. Effects of post-processing
Fatigue behavior of machined metals has been shown to be en-
hanced by each of several post-processing techniques, including
mechanical polishing [8], electropolishing [12], chemical milling
[7], beadblasting (shotpeening) [28] and laser peening [29]. Many
specimen geometries do not permit some of these techniques,
and special circumstances may also limit post-processing options.
Moreover, there appear to have been no studies published on the
effects of these treatments on the fatigue behavior of T–6Al–4V
processed with modern EDM techniques.
The data presented in Fig. 16 show enhancement of fatigue
strength resulting from all of the treatments applied to specimens
fabricated with EDM, with the exception of thermal stress reliev-
ing. This is likely a demonstration that thermal treatments shouldbe performed in an inert, oxygen-free environment to prevent
stress-concentrating defects from forming due to oxidation.
Fatigue strengths exhibited by bead-blasted specimens were
superior to those of specimens subjected to all other treatments.
This may be somewhat surprising, in view of the minimal visible
inﬂuence bead blasting had (cf. Fig. 5b), but this treatment did re-
duce measured surface roughness to levels comparable to those of
electropolished specimens. The most inﬂuential effect that bead-
blasting had, however, was to create compressive residual stress
within the EDM’d surfaces.
Residual-stress measurements were performed on our speci-
mens by an independent laboratory using a standard, multi-angle
X-ray diffraction technique [42]. The method used determined
the maximum residual stress in the longitudinal direction (parallel
to the fatigue loading axis) beneath the surface, probing the mate-
rial to the maximum penetration depth of approximately 100 lm.
Untreated EDM surfaces showed the presence of modest levels of
residual stress (from 30 to +30 MPa). Similar measurements of
Fig. 16. S–N behavior of annealed Ti–6Al–4V specimens fabricated with the same EDM process (shop 3) and subjected to post-treatments as indicated. (Tensile fatigue with
R = 0.1, f = 10 Hz.)
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stresses of 660 ± 60 MPa in the near-surface region. The effect
of this compressive stress upon fatigue strength is manifest in
Fig. 16. Electropolishing appeared to have little effect upon surface
residual stress in EDM’d specimens, even though this processing
resulted in improved fatigue behavior; measured stresses on the
edges of those specimens ranged from 30 to +16 MPa. Chemical
milling, though similar to electropolishing, resulted in creation of
tensile residual stress of approximately 50 MPa.
Many components with intricate geometries or small size do
not permit full coverage of post-processing techniques that require
physical contact. In particular, small slots and holes that EDM pro-
cessing is well-suited for are typically not accessible to polishing
tools or bead-blasting, yet these very features are prominent
stress-raisers that make cyclically-loaded components susceptible
to fatigue failures. The beneﬁcial effect of electropolishing on fati-
gue strength as shown by our data in Fig. 16 is therefore of great
practical consequence. The shift in the nature of fracture-initiation
sites, from the EDM’d edges in untreated specimens to interior or
sub-surface locations, demonstrates that electropolishing removes
the deleterious effects of EDM processing to the extent that the
intrinsic fatigue behavior of the material is displayed. Chemical
milling showed nearly the same effects, although the sample
population was low in this study.5. Conclusions
Baseline fatigue strengths were established for annealed
Ti–6Al–4V sheet material tested in tension at R = 0.1, using speci-
mens milled with conventional techniques. Due in part to precision
alignment of the test machine, these data exhibit less scatter than
similar data published in the Military Handbook 5 (now MMPDS).
Measured fatigue strength of specimens fabricated using three dif-
ferent, state-of-the-art EDM processes demonstrated a reduction of
fatigue strength by 15–30%, relative to the strength of specimens
machined conventionally. This strength degradation is attributed
to the presence of stress-concentrating defects within the EDM re-
cast layers, examples of which are shown in SEM micrographs. The
differences between fatigue strengths displayed by specimens pro-
duced by the three different EDM processes were shown to corre-
late directly to the thickness (1–3 lm) and roughness (Rp–v from 22
to 85 lm) of the recast layers. Using specimens fabricated with the
EDM process shown to create the roughest surface, post-processingwith either electrochemical polishing or bead blasting was demon-
strated to alleviate the deleterious effects of EDM, thereby restor-
ing the intrinsic fatigue behavior as indicated by crack initiation
at interior locations. The data presented establish that modern
EDM techniques are capable of processing Ti–6Al–4V with only
modest degradation of fatigue strength, in contrast to data in the
literature from outdated EDM machines.
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